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Abstarct. Most important recent advances in inertial confinement fusion (ICF) are highlighted.

With the construction of the NIF and LMJ facilities, and a number of improvements in the

target design, the conventional indirect-drive approach is making a steady progress towards

demonstration of ignition and high gain. The development of the polar direct-drive concept

made also the prospects for direct-drive ignition on the NIF extremely favorable. A substantial

progress has been reported from the Institute of Laser Engineering in Osaka on exploration of the

fast-ignition approach to ICF. Parallel to that, multi-wire Z-pinches have become a competitive

driver option for achieving ignition at a lowest possible cost. In heavy ion fusion, experiments

have been devoted so far to studying the generation, transport, and final focusing of high-current

ion beams. A new concept for a power plant with a heavy-ion driver, based on a cylindrical

direct-drive target compressed and ignited (in the fast-ignition mode) by two separate beams of

very energetic (Ei
>
∼ 0.5 GeV/u) heavy ions, has been proposed.

1. Introduction

Energy production by means of inertial confinement fusion (ICF) shall rely on a repet-
itive sequence of thermonuclear microexplosions. Each of these microexplosions should
generate a high enough energy gain in the range of G = 50–200, depending on the driver
efficiency. Clearly, the first experimental demonstration of a single such microexplosion
will be the most important milestone on the way to inertial fusion energy (IFE) by means
of ICF. With the beginning of construction of the National Ignition Facility (NIF) in
the USA, and of the Laser Mégajoule (LMJ) facility in France, a stage has been set for
reaching this goal in 6–7 years from now (J.Lindl, OV/3-1).

First ignition experiments are planned in the indirect drive mode with the conventional
ignition scheme based on a central hot spot. Ignition of directly driven laser targets should
also be demonstrated on the NIF, perhaps with a delay of several years. A spectacular
recent progress in many areas of the target physics has significantly improved the safety
margin and confidence level for this basic approach to ICF.

At the same time, alternative routes to ignition experiments are also been investigated.
Major efforts have been undertaken towards realization of the fast ignition concept with a
petawatt (PW) laser. The FIREX project initiated at the Institute of Laser Engineering
(ILE) in Osaka has an ambitious goal to demonstrate a fusion gain in excess of unity with
two 50-kJ lasers, one in the ns mode for compression, and the other in the ps (PW) mode
for heating the compressed fuel. A new concept for fast ignition with heavy ion beams
has been proposed at the Institute for Theoretical and Experimental Physics (ITEP) in
Moscow.

A remarkable success in generating 1–2 MJ, >
∼ 200 TW pulses of thermal X-rays with

a wire-array Z-pinches has recently put forward this type of pulse-power machine as still
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another promising candidate for achieving ignition in ICF. The first implosion experiments
at the Z facility at Sandia (USA) have been very encouraging, and have stimulated an
IFE-aimed research program on finding a solution for the rep-rated standoff (separation
of driver and target) problem. As such, a concept of Recyclable Transmission Line (RTL)
has been worked out, which is currently under investigation at Sandia.

2. Main approach: indirect laser drive with central ignition

The principal scheme for the first realization of ICF ignition experiments has been for-
mulated about a decade ago [1]. It is based on an indirect-drive target with a cylindrical
hohlraum (see Fig. 1) driven by a carefully tailored pulse of laser light with the total
energy of Edr = 1.8 MJ in the third harmonic (3ω, λ = 0.35 µm) of the basic frequency of
the Nd glass laser. Inside the hohlraum the laser pulse creates a “bath” of thermal X-rays
with a time varying temperature Tx ≈ 100– 300 eV, which drives by means of ablation
a highly symmetric implosion of the central spherical capsule containing the deuterium-
tritium (DT) fuel. Ignition is initiated by a central hot spot (thermonuclear spark), which
is naturally formed by the time of stagnation as a result of sufficiently fast implosion of
the initial shell-like configuration of the DT fuel. Careful pulse shaping is required to
preserve the entropy of the dense DT shell around the hot spot at a lowest possible level.
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Figure 1: Indirect drive laser target with central hot-spot ignition as originally designed
for the NIF project.

2.1. Construction of the NIF and LMJ ignition facilities

A very encouraging news for ICF is that the construction of both ignition facilities — the
NIF in the USA, and the LMJ in France — is fully underway. At NIF, the main building
and the beampath infrastructure for all 192 laser beams have been completed, and the
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first four beams have been installed on the target chamber and activated for experiments
(J.Lindl, OV/3-1). The first experiments have demonstrated all the primary NIF per-
beam requirements: 21 kJ in 1ω light (equivalent to 4.0 MJ in 192 beams of the full
NIF), 10.4 kJ in 3ω (equivalent to 2.0 MJ in 192 beams), 25 ns shaped pulse according to
the NIF specifications. Beam energy balance and synchronization have also been tested.
Further experiments should focus on laser-plasma interaction and laser propagation in
large ignition-scale hohlraum plasmas.

The French LMJ project is making headway with a delay of several years behind NIF:
construction of the main building has been started recently, physics experiments with the
four prototype laser beams (LIL) should begin in 2005 (P.A. Holstein, IF/1-3).

2.2. Advances in fusion capsule design and better control of hydrodynamic
instabilities

In recent years significant progress has been achieved in the area of indirect-drive ignition-
scale target design. First of all, it was demonstrated that fusion capsules with a beryllium
ablator perform significantly better than the original NIF baseline capsule with the CH
ablator (Fig. 2). 3D hydrodynamic simulations clearly demonstrate that, for the same
hohlraum drive conditions, Be capsules can tolerate a factor 3-4 larger initial roughness
of both the outer ablator surface, and of the inner DT-ice surface, than the original CH
capsule [2] (see Fig. 3). If, however, the peak hohlraum temperature is lowered from
300 eV to 250 eV, a Be capsule can absorb more energy (190 kJ instead of 150 kJ) and
generate a higher yield (28 MJ instead of 15 MJ) as compared to the NIF baseline design
[3]; see Fig. 2.
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Figure 2: Fusion capsule with a Be ablator from Ref. [3] versus the original NIF baseline
capsule.

However, at lower X-ray drive temperatures fusion capsules become generally more sus-
ceptible to hydrodynamic instabilities and pose severe constraints on the initial roughness
of all surfaces and material interfaces. An important progress concerning this issue has
been made very recently: it was found that capsules, made of beryllium with copper doped

in a radially varying concentration, can tolerate more than an order of magnitude rougher
surfaces than previous designs. For the outer ablator surface, the acceptable roughness
level increases from rms ∼ 50 nm for a uniform doping in Fig. 3b to rms ∼ 500 nm for
the graded doping by Cu; tolerance to the DT ice roughness becomes also better, 5 µm
instead of 1 µm (J.Lindl, OV/3-1). This latter findings lead to a considerable widening
of the ignition island in the laser power-vs-energy parametric plane.
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Figure 3: Tolerance of fusion capsules with different ablator materials to the initial surface
roughness as calculated with the 3D code HYDRA [2]. The peak hohlraum temperature
was fixed at Tx = 300 eV. (a) Yield vs ice roughness for 10 nm rms ablator surfaces.
(b) Yield vs ablator roughness for best ice surfaces.

2.3. Improvements in the hohlraum efficiency and overall target energetics

Significant advances have also been made in improving the energy coupling efficiency in
the hohlraum. A new mixture — a “cocktail” of (U Nb0.14)0.6 Au0.2 Dy0.2 — of high-Z
elements for the hohlraum wall was found, which has a higher than pure Au albedo for the
X-rays and allows, all other factors being equal, to increase the energy absorbed by the Be
capsule from ≈ 200 kJ to ≈ 240 kJ (J.Lindl, OV/3-1). A further potential for improving
the hohlraum efficiency is associated with special radiation shields placed against the laser
entrance holes; also, capitalizing on the progress in predictable power of numerical codes,
one can use tighter hohlraums. All in all, a hohlraum efficiency of ηh ≈ 0.20 appears as
quite realistic for advanced NIF targets as compared to ηh ≈ 0.2 for the NIF baseline
target (J. Lindl, OV/3-1).

On the other side, lower hohlraum temperatures and a better understanding of the
laser-plasma interaction processes open a possibility to use the 2ω light instead of the 3ω,
which means some 10% more laser energy available for target irradiation. In addition,
longer pulse duration due to larger Be capsule size will allow to use two additional laser
slabs in the NIF output amplifiers and to extract about 20% more laser energy (up to
2.5 MJ in 3ω) than originally planned [2].

Taken together, all these advances increase significantly the safety margin for demon-
stration of ICF ignition on the NIF and LMJ facilities. Instead of a near-threshold ignition
of a 150-kJ capsule, one should be able to ignite indirectly driven DT capsules which ab-
sorb up to 400–600 kJ of the X-ray energy and demonstrate energy gains in the range of
G = 30–60.

3. Progress in laser direct drive

Without X-ray conversion step, direct-drive laser targets have intrinsically higher energy
efficiency than the indirect-drive targets. This advantage, however, is partially offset by
additional measures required to mitigate drive asymmetry and hydrodynamic instability
of ablation under direct laser irradiation: direct-drive targets turn out to be (i) more
sensitive to intensity variations within individual laser beams, and (ii) suffering from the
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Rayleigh-Taylor (RT) instability seeded via imprinting of the short-scale non-uniformities
of the laser light within individual focal spots. Latest calculations indicate that, for the
NIF conditions, direct-drive targets should have about the same ignition threshold but
about a factor of 2 higher energy gain than the best indirect-drive designs [2]. The NIF
has been designed to do both direct and indirect drive ignition experiments.

A major experimental program for testing and validating the physics of the direct-
drive laser fusion is pursued at the 30 kJ OMEGA laser operational at the University of
Rochester’s Laboratory for Laser Energetics (LLE). High uniformity of laser irradiation,
needed for direct drive, requires special techniques for beam smoothing and power bal-
ancing. These techniques have been demonstrated on OMEGA and successfully applied
to cryogenic D2 target implosions [4]. Cryogenic implosions with DT targets are planned
for the year 2005 (S.P. Regan, OV/3-3).
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Figure 4: Schematic view of three versions of direct-drive laser target: (a) the NIF baseline
design; (b) target with a picket pulse proposed for the polar direct-drive ignition on the
NIF; (c) reactor-scale target proposed in Ref. [7] with a 2D energy gain of G >

∼ 150.

Important latest developments for the direct drive ICF have been (i) introduction of
a “picket” pulse shape, and (ii) an ignition target design in the polar direct-drive con-
figuration. Figure 4 shows schematically three versions of laser direct drive targets. The
NIF baseline target (Fig. 4a) is driven by a 1.5 MJ 3ω laser pulse with a “conventional”
temporal power profile. Mitigation of the Rayleigh-Taylor instability is achieved by the
adiabat shaping of the ablator shell. Recently it was found that a significantly more
efficient adiabat shaping can be achieved by launching an unsupported shock wave into
the shell with a short (∼ 100 ps) intense Gaussian laser pulse (“picket”) at the beginning
of the implosion [5]. Direct X-ray radiography experiments with planar surrogate foam
targets (see Fig. 5) have confirmed the efficiency of picket pulses in suppressing the RT
instability at shorter wavelengths (S.P. Regan, OV/3-3).

Originally, direct-drive ignition on the NIF was planned to be accomplished with a
spherically-symmetric beam arrangement, differing significantly from the beam geometry
in the indirect-drive mode. The corresponding experiments would have been delayed by
several years (around 2014). Advances in the target design due to the picket pulse shape
and enhanced laser absorption in a wetted-foam ablator (see Fig. 4b) can be employed for
direct-drive-ignition experiments while the NIF is still in the X-ray-drive configuration
[6]. This involves repointing some of the beams toward the equator of the target to
improve uniformity of target drive — an approach called polar direct drive (PDD). Recent
simulations have demonstrated an energy gain of G ≃ 10 for the PDD mode (S.P. Regan,
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Figure 5: Results of planar Rayleigh-Taylor-growth experiments at LLE with picket
pulses: optical-depth modulations are significantly reduced at shorter wavelengths us-
ing the picket pulse (S.P. Regan, OV/3-3).

OV/3-3). As a result, direct-drive ignition may be demonstrated several years earlier than
originally planned.

Advantages of picket pulses can also be employed to improve the performance of
the IFE-scale targets. Figure 4c shows schematically a recent direct-drive target design,
irradiated by a 2.5-MJ laser picket pulse, which demonstrates a 2D energy gain of G>

∼150
[7].

4. Fast ignition

Fast ignition is an alternative method to ignite the compressed DT fuel by a very fast
(within 10–50 ps) injection of energy (10–100 kJ) into a small (〈ρr〉 ≃ 0.5–0.6 g/cm2)
portion of the fuel mass to heat it up to a temperature of T ≃ 10 keV. This old idea has
caught new attention [8] after the invention of the chirped pulse amplification (CPA) of
laser pulses, allowing to raise the laser power by orders of magnitude to a multi-petawatt
level. The principal advantage of fast ignition over the conventional hot-spot ignition is
mainly in relaxed demands on the symmetry of implosion and the peak power required
for fuel compression.
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Figure 6: Cone-guided implosion of a not fully spherical fusion capsule: (a) initial state,
(b) intermediate stage of implosion, (c) assembled fuel state at stagnation.

An impressive progress in exploring the concept of fast ignition with a PW laser has
been achieved at the ILE (Osaka), which has virtually become a dedicated laboratory for



7 S/1-4

this approach to ICF (Y. Izawa, OV/3-2). The principal scheme is based on a cone-guided
implosion, shown schematically in Fig. 6. Here a conical sector is cut out of the usual
spherical DT capsule and replaced by a concentric hollow cone of gold (Fig. 6a). The
implosion of the not fully spherical capsule is driven in the usual way, with the DT shell
sliding along the gold cone towards the center. Perturbations from the interaction with
the cone wall are expected to be moderate, so that a good-quality compressed DT state
is reached by the end of implosion near the tip of the gold cone (Fig. 2c). Because the
cone wall is more sluggish than the ablator-fuel shell, the partially “crushed” gold cone
still remains open by the time of fuel stagnation and allows the igniting laser pulse to
be delivered in the immediate vicinity of the fuel core. Experiments at ILE with the
GEKKO XII laser to drive the cone-guided implosion, and a 400 J/0.6 ps PW laser to
heat up the compressed core, have demonstrated an increase in the neutron yield from
104 to 107 due to the fast core heating [9]. A coupling efficiency of 20–25% between the
heating laser and the core plasma was obtained.

Based on this success, a new project FIREX (Fast Ignition Realization Experiment)
has been started at ILE, with a final goal to achieve ignition of a direct-drive DT target
in the fast-ignition mode (Y. Izawa, OV/3-2). The project is split into two phases. The
first phase, FIREX-I, anticipates a construction (has actually started in 2003) of a new
10-kJ PW heating laser, LFEX (Laser for Fast Ignition Experiment), applied to cryogenic
cone-shell targets imploded by the GEKKO-XII laser. At this stage a DT plasma with
parameters 〈ρr〉 ≈ 0.15 g/cm2, T ≈ 8 keV should be created, and a gain of G ≈ 0.1
should be demonstrated. If the FIREX-I stage proves to be successful, it is planned to go
over to the next stage, FIREX-II, at which both the implosion and the heating lasers are
upgraded to 50 kJ and fusion gain values in excess of unity are achieved.

5. Heavy-ion driven fusion

General attractiveness of the heavy-ion driven fusion for IFE has always been associated
with (i) the high efficiency ( >

∼ 25–30%) of heavy ion accelerators, and (ii) no problems
with high repetition rate (>

∼ 10 Hz), which virtually comes for free once the accelerator is
built. On the other hand, ion beams are much more difficult than laser beams to compress
in space and time in order to create the required irradiation intensity on target. By now,
many aspects of heavy ion fusion have been analyzed theoretically, and several scenarios
of a thermonuclear power plant have been considered. Nevertheless, there still exists no
dedicated experimental program aiming at implosion experiments and ignition under the
action of heavy ions.

A novel heavy ion IFE concept has been presented by B. Sharkov (OV-3/4). This
concept is based on fast ignition of a cylindrical target with a very powerful heavy ion
pulse. As it was suggested in Ref. [10], under the conditions that (i) the ion energy is
increased from the conventional 5–10 GeV to ≃ 100 GeV per ion, (ii) the method of
non-Liouvillian compression of beams of simultaneously accelerated ions with 4 different
masses and opposite electric charges is employed, and (iii) the neutralization of the electric
charge density is achieved by combining the beams of opposite charges at the last stage
of beam compression, a 400 kJ pulse of heavy ions could be focused on a spot of 50 µm
in radius within 200 picoseconds. Such a pulse would produce an irradiation intensity of
2.5 × 1019 W/cm2 and might be suitable for fast ignition.

In this scenario one is compelled to use cylindrical rather than spherical target geom-
etry because of relatively long stopping ranges (5–10 g/cm2) of 100 GeV heavy ions.
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Cylindrical compression is accomplished by a separate low-power 10–15 MJ beam of the
same ≃ 100-GeV heavy ions within the direct drive scheme, as shown in figure 7. High
degree of azimuthal uniformity of the ion energy deposition, needed for cylindrical direct
drive, is supposed to be ensured by fast rotation of the compression beam around the
target axis (see figure 7a). A 2D study [11] has shown that 8–10 beam revolutions over
the main portion of the compression pulse should be sufficient to reach the needed radial
convergence.

compression beam

ignition beam
DT

compressed DT

(a) (b)

Pb
Pb

Figure 7: Schematic view of a cylindrical fast-ignition target for heavy ion fusion: (a) tar-
get implosion is driven directly by a low-intensity compression beam, rapidly rotating
around the target axis; (b) at maximum compression of the DT fuel, its fast ignition is
initiated by a second short and ultra-intense beam of heavy ions.

A combination of 1D and 2D simulations [12] has shown that the DT fuel in such a
target can be compressed to a state with ρDT = 100 g/cm3, RDT = 50 µm (〈ρR〉DT =
0.5 g/cm2), and a self-sustaining burn wave can be launched along this compressed DT
fibre by the ignition ion beam with the above mentioned parameters. For a target length
about 1 cm one can expect a thermonuclear yield Y ≃ 1 GJ per shot, with the energy
gain about G ≈ 100.

The concept of a heavy-ion driven thermonuclear power plant with 4 reactor cham-
bers, based on the above scenario of fast ignition with heavy ions, has been worked out
(B. Sharkov, OV-3/4). Each reactor chamber consists of two compartments and has a
liquid first wall. The liquid film is formed on the SiC porous wall by the Li17Pb83 coolant.
Target explosions (two per second in each chamber) occur in the smaller upper compart-
ment. The larger lower compartment is sprayed with coolant jets, which accelerate vapor
condensation after each explosion. The heat conversion system with three coolant loops
has the net efficiency of ∼ 35%.

Experimental programs related to heavy ion fusion have been dedicated so far to
studying the generation, transport, and final focusing of high-current heavy ion beams.
One of the major challenges for heavy ion fusion is final beam focusing onto a sufficiently
small spot. A possible solution would be to use beam transport with charge and current
neutralization in a plasma channel. Encouraging results for neutralized transport have
been obtained recently at LBNL (B.G. Logan, IF-1/2), where for a high-brightness 300-
keV K+ beam it was demonstrated that the plasma neutralization reduces the focal spot
radius from ∼ 1.1 cm (vacuum focus) to <

∼ 0.14 cm (neutralized focus).
Experiments aimed at creating high-energy-density (1–10 kJ/g) states of matter with

ion beams are conducted and planned at the existing synchrotrons at GSI (Darmstadt)
and ITEP (Moscow). A major upgrade of the existing accelerator complex towards accel-
eration and accumulation of high-current heavy ion beams is making headway at ITEP
(B. Sharkov, OV-3/4). The ITEP-TWAC (TeraWatt Accumulator) facility uses a new
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laser ion source, which produces some 5×1010 ions per shot. Main acceleration to several
hundreds MeV per nucleon is accomplished by the existing U-10 synchrotron. A non-
Liouvillian single-turn injection using a foil stripper is employed to minimize the phase
space. The bunch is compressed from 1 µs to ∼ 170 ns and focused onto a ∼ 1 mm spot.
In 2003 the entire beam manipulation complex was commissioned by demonstrating the
stacking of some 1010 ions of C6+ and their fast extraction to the experimental area.

6. Inertial fusion with wire-array Z-pinch
In recent years Z-pinch technology with multi-wire arrays has demonstrated spectac-

ular progress in generating 1–2 MJ pulses of soft X-rays with radiation temperatures in
excess of 200 eV [13]. A relatively high efficiency (>

∼ 15%) of energy conversion into ther-
mal X-rays makes Z-pinches another attractive driver option for IFE. Also important is
the lowest among all driver candidates cost per Joule (about 30$; C.L. Olson, OV/3-5Ra)
of X-rays.

(a) (b)

Figure 8: Schematic view of (a) a double-pinch target, and (b) a dynamic hohlraum target
for ICF with wire-array Z-pinches.

Two types of indirect drive targets have been proposed for ignition experiments and
energy production with Z-pinches, namely, a double-pinch hohlraum [14], shown in Fig. 8a,
and a dynamic hohlraum [15], shown in Fig. 8b. Implosion experiments have been per-
formed for both target types on the 20-MA Z facility at SNL (Albuquerque). Generally,
the double-pinch target offers an easier way to control the X-ray drive asymmetry, but is
inferior to the dynamic hohlraum with respect to the energy transfer into the DT capsule.

Using a double-pinch hohlraum target on the 20-MA Z facility (Sandia), X-ray temper-
atures ≃ 70 eV were obtained, and capsule implosions with radial convergence ratios be-
tween 14 and 21 hohlraum were realized (C.L. Olson, OV/3-5Ra). In a dynamic hohlraum
target, a 2.1-mm-diameter deuterium-filled CH capsules absorbed up to 35 kJ of X-ray
energy from the 0.220 eV dynamic hohlraum. The capsule convergence ratios of 5–10,
and the thermonuclear DD neutron yields of up to 8 × 1010 have been measured. These
results make a good case for building the next-generation 60-MA facility to demonstrate
ICF ignition with a wire-array Z-pinch.

In the context of IFE, the next goal for the Z-pinch program is to extend the recent
single-shot results on Z to a repetitive-shot Z-pinch power plant concept for the economical
production of electricity. As one of the simplest and most robust solutions, a concept of
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Recyclable Transmission Line (RTL) has been proposed, and an experimental program
has been initiated to test this concept (C.L. Olson, OV/3-5Ra).

7. Conclusion

The laser fusion program, based on the conventional ignition mode, advances steadily
towards demonstration of ignition and high gain at the NIF and LMJ facilities that
are currently being constructed in the USA and France. A remarkable progress in the
confidence level and performance margin for both indirect- and direct-drive targets has
been achieved in recent years.

Parallel to this main route, the concept of fast ignition is being explored and perfected
both theoretically and experimentally. Also, wire-array Z-pinches have become another
competitive option for demonstrating ignition and as a driver option for IFE.

Experimental investigations in heavy-ion driven fusion have been focused so far on the
generation, transport, and final focusing of high-current ion beams. The latest innovative
ideas concerning the ion beam compression and final focusing could make fast ignition
with heavy ions a viable and competitive option for IFE.
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